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FOREWORD

This report presents the summary of the "Development of Electrical
Feedback Controlled Heat Pipes and the Advanced Thermal Control Flight
Experiment. " The work was performed by Dynatherm Corporation under

NASA Ames Research Center Contract NAS2-6227 and uﬁder the direction

of Mr. J. P. Kirkpatrick, the NASA Technical Monitor.

Since the preparation of the draft of this report the ATFE Flight
Experiment was launched aboard the AT S-F satellite. Initial telemetry

data indicate that the experiment is achieving its objective successfuily.

ii



TABLE OF CONTENTS

Page
i, INTRODUCTION ., & &+ & 4 s & e
2, PROGRAM MILESTONES AND SUMMARY e h e e e e e e 2
3. TECHNOLOGY DEVELOPMENT . . . 4 4 ¢ v v s e s s v s 0 s v 4 0 o s 11
3.1 Steady-State Analysis of FCHP'S . . .. ... D & 1
3.2 Closed Form Transient Analysis of FCHP's . . R .
3.3 Numerical Transient Analysis of FCHP'S v v v o v v s % s 0 v 0 v v ¢ o 39
3.4  Breadboard Testing of FCHP . .. ..... s |
3.4.1 Experimental TestData . . . . .« . .. e e e e s e e e h e e e e 44
3.4.2 Correlation of Transient Response . . « « + + « e e e e e e .. 50
3.5  PCMDevelopment . . o v o v v s v v v .. R -
4. ATFE FLIGHT EXPERIMENT . . . . ... R - |
4.1 System Description and Design Summary . . . . . . e .. 61
4,2 Component Design R I I I . 68
4,2.1 Absorber . ... ..... .. C e h e e e e e s e e e e e e s 68
4.2.2 Thermal Diode Heat PIPE « « « v ¢ o e e e v v v o e o I 41
4.2,3 Phase-Change Material (PCM) Box . . e e e . 1B
4,2,4 Feedback Controlled Heat Pipe . . . . . . . « . . e e s e e 78
4,2.5 Radiator . . . . v ¢ 4 ¢+ & 4 4 2 4 a s 81
4.2,6 Support Structure, Insulation, and Mechanical Integration . . . . ... 83
4.2.7 Controls and Telemetry « . . « .+ « . et e e e e s b e e s e s 85
4,3 Failure Mode Analysis + « ¢ « & v « 4 v« & s & & e e e e e e 93
4,4 Qualification and Flight Acceptance Testing e e e e e e e e 93

4.4.1 Functional and Environmental Tests. G h e e m e s e e s s s e e e 93

4.4.2 Thermal Performance Tests ... .. T
4.5 Specifications and Documentation . . . « v v v 4 ¢ 2 v 4 40w . e Ceee 112
5. REFERENCES - » L] L] » L] - ¢« & = 5 = » L] [ ] » - L ] * L] L] L] . . - - - - L] - 120 .

iii



TABLE OF CONTENTS (Cont'd)

Pége
APPENDIX A: STEADY-STATE PERFORMANCE EQUATION OF FCHP . .. 121

APPENDIX B: COMPUTER PROGRAMFEDCON . . 4 ¢ v v e v v v o v s o o o 124

iv



2.1

2.2

3.1

3.2

3.3
3.4
3.5
3.6

3.7

3.8

3.9

3.10
.11
3.12
3_.13
 3.14
3.15
3..16

3,17

3,18

3.19

3.20

LIST OF FIGURES

Schematic of Electrical Feedback Controlled Variable Conductance Heat Pipe

Advanced Thermal Control Flight Experiment (ATFE)

Electrical Feedback Controlled Variable Conductance Heat Pipe System

Séhematic Temperﬁture Distribution in a FCHP during "Low'" and "High"
Conditions

Reservoir Requirements for Non-Ideal FCHP
Reservoir Requirements for Non-Ideal FCHP

Ratio of Blocked-to-Total Condenser Volume

. FCHP Performance Analysis

FCHP Performance Analysis

‘ Perform;ince Comparison of FCHP and Passive VCHP

Normalized Temperature and Time Associated with Maximum Overshoot/
Undershoot

‘Transient Response of Heat Source Temperature

Recovery Time of Heat Source Temperature

Thermal Model for Eléétrica.l Feedback Controlled Heat Pipe System
Bre"z_tdboard Model of Electrical Feedback Controlled Heat Pipe
Predicted and Experimental Sfeady—State Axial Temperature Distribution

Predicted and ExperimentalStready*State Axial Temperature Distribution

Response of Source Temperature

Reservoir Temperature Response

Predicted and Experimental Tré.nSient Response

Breadboard Model of Fusible Material Package
Experimental Melt Curve of Breaﬂboard PCM Box

v



4,1

4.2

4.3

4.4

4,5

4.6

4,7

4.8

4,9

4,10
4,11
4,12
4.13
4,14
4.15
4.16
4.17
4,18
4,19
4.20
4,21

4- 22

LIST OF FIGURES (Cont'd)

Functional Diagram of ATFE Experiment

Front View of ATFE

Back View of ATFE

Design Solar Flux Profile, East Face of EVM
Earth Eclipse Time for ATS-F Orbit

Design of Absorber Panel

ATFE Diode Heat Pipe

PCM Box |

Feedback Controlled Heat Pipe

De'sign of Radiator Panel

Control and Telemetry Block Diagram‘

ATFE Functional and Reliability Logic Diagram
Electrical Interface |

Sensor Locations and Symbols for Orl:‘nrital Cycles
ATFE Backup Unit Retest {Orbit Cycle No. 1)
ATFE Flight Unit Retest (Orbit Cycle No. 9)
ATFE Flight Unit Retest (Orbit Cycle No. 7)
Typical Temperature Profiles with Feedback Control
ATFE Backup Unit Retest (Orbit Cycle No. 6)
ATFE Flight Unit Retest (Orbit Cycle No, 10}
ATTE Backup Unit Retest (Orbit Cycle No. 8)

ATFE Flight Unit Retest (Orbit Cycle No. 11)

vi



B-1

LIST OF FIGURES (Cont'd)

Functional Block Diagram for an Active Feedback Controlled Variable Con-
ductance Heat Pipe System

Thermal Model for Electrical Feedback Controlled Heat Pipe System

Flow Diagram for Transient Analysis of Electrical Feedbé.ck Controlled Heat
Pipe System

vii



LIST OF TABLES

3.1 Comparison of Predicted and Experimental Response of Characteristics

3.2 Results of PCM Breadboard Melt Tests

4.1 Design Goals, Constraints, and Impact
4,2 ATTE Diode Heat Pipe Summary

4.3 ATFE FCHP Summary

4.4 ATFE Command Assignments

4,5 ATFE Telemetry Channel List

4.6 Failure Mode Effects and Criticality Analysis Chart

4. 7. Qualification and Acceptance Tests

4.8 Solar Cycle Qualification and Acceptance Tests

4.9 Peak PCM Box Temperatures During Feedback Control Cycles

4,10 AT FE Qualification and Flight Units Drawing List

4,11 ATFE Qualification and Flight Units Specification and Procedure List

viii



1. INTRODUCTICON

The program described in this report consisted of two major tasks:

¢ Development of therTechnololgy of Feedback Controlled
Variable Conductance Heat Pipes

e Design, Fabrication, and Qualification of an Advanced
Thermal Control Flight Experiment (ATFE)

The concept of feedback controlled variable conductance heat pipes (FCHP) had
been studied analytically during a previous contract (Ref. 1). While evaluating both
passive (mechanical) and.active {(electrical) feedback systems, it became apparent that
the latter offers better control caﬁability and is more suitable for aerospace applications.
The objectivé of the first task of the present prograimn was thus to develop the necessary
technology for ﬂight qualification of an electrical FCHP.

The Advanced Thermal Control Flight Experiment is désigned to demonstrate
the performance of this new thermal control compenent in a space environment. In
addition, ‘the termperature control aspects of a passive thermal-diode heat pipe and
"ofa g:hase-change material (PCM) also will be evaluated. The ATFE will be flown
aboard the Applications Technology Satellite (ATS-F), which is scheduled for launch
in May 1974, While the ATFE is an experiment designed to provide performance data
for the compohents mentioned above, it is also a thermal control system that can be
used to provide temperature stability of spacecraft components in future applications.

A summary bf the program milestones and of the intermediate steps which led
to the ﬂight- qualification of the ATFE is providéd in Section 2 of this report. The re-
sults of the Technology Development Phase are presented in Section 3, and an in-depth

- discussion of the ATFE system design and qualification is provided in Section 4.
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2. PROGREAM MILESTONES AND SUMMARY

The prégram Was initiated during August.1970. During the technology develop-
ment phase, a comprehensive analy;tica.l model of an electrical FCHP was developed
and breadbéard experiments were conducted 'to Velrify and amplify the model.

An active FCHP is shown s-chematicéll;} in Figure 2.1. It is basically a gas-
controlled wicked—ree‘;er.voir heat pipe that utilizes an electronic controller and a res-
ervoir heater to adjust its thermal conductance. An increase in heat source temper-
ature, caused by an increase in heat load and/or sink condi'tion, results in an error
signal to the controller and causes it to turn off the power to the reservoir heater.
The corresponding decrease iﬁ reservoir temperature, and therefore in the vapor
ﬁressﬁre of the working ﬂuid in the reservoir, results in an increase in the effective

istora.tge volume thereby allowing more. noncondensible gas to enter. This causes the
gas-vapor interface to move toward the reservoir, thus ‘increas'mg the condenser con-
ductance and ultimately reducing the source temperature, The continual adjustment

_ of the conducté.nce by regulation from the controller can provide essentially absolute

. temperature éontrol under broad variations in heat load and sink conditions.

The analytical model, which was developed under this program, describes the
performance of a FCHP both under steady-state and transient conditions, The steady-
state performance can be adequately handled through a closed form analysis, while é
computer program (FEDCON) was devéloped to perform transient performance calcu-
_lations. Also, in order to get a hetter general understanding of the response charac-
teristics '.of a FCHP than that aﬁorded by a numerical analysis, a highly simplified

closed form transient model was developed. Comparison of computer solutions and
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results from the closed form model showed that the latter gives adequate first order
answers to a particular design problem.

Two breadboard models of electrically controlled FCHP's were fabricated and
tested. Initial tests were coaducte:i with manual control of the reservoir heater; later,
automatic on-off control was used; and finally a proportional controller was employed.
The ef_fectsA of variations of the heat load and of the sink temperature were studied with
these experiments. Also, different thermal masses of the heat source were employed
in order to evaluate transient response characteristics. The test results correlated
very well vﬁith the predicﬁons hy the analytical models; and, as a result, the technology
of FCHP's was considered develoﬁed to a point where incorporation of such a system
into a flight éxperiment was justified,

Definitioq of the ATFE flight experiment started early in the program. Basi-

- cally, the ATFE (Figure 2.2) consists of a solar absorber, a thermal diode, a simu-
lated equipment package that contains phase—chénge matefial (PCM box), an electrical
feedback-.-controlled variable conductance heat pipe (FCHP), and a space radiator. Sup-
porting hardware, not shown in-Eigure 2, 2, are a solid-state electronics module, tem-
perature sensors, foil heaters, support structure, and thermal insulation.

The A’I_‘FE is mounted in the east wall of the ATS-F earth-viewing module with
.only the outboard surfacés- of the solar absorber and radiator exposed to the external
environment., Tilree-axis stabilization and the geosynchronous orbit result in an inci-
dent solar flux that i'ises and sets over a 12-hour peridd and is followed by 12 hours
of darkness, similar to the solar cycle experienced by a fixed point on Earth's surface.
The absorbed solar energy is used to simuléte power dissipation during an electrical

duty cycle and is transported from the absorber to the PCM box by the diode heat pipe.
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This energy first melts the PCM, which is octadecane with a melting point of
2800. When melting has been completed, the energy then passes through the PCM box
to the FCHP, which transports it to the space radiator. During the cycle, tempera?gre
control of the diode/PCM box interfﬁce is provided by the FCHP whose temperature con-
trol set point is 29°C. The FCHP system senses the temperature at the interface and
correspondingly regulates thé heat rejection to space to accommodate the variations in
both the thermal load and the thermal boundary conditions at the radiator. As tﬁe shad-
ow period is approached, the diode and FCHP decrease their conductance to minimize
the heat loss from the PCM box to space. Thermal energy released by freez'ing the
PCM is used to compensate for heat lost during the transient shutdown of the diode and
ECHP a.ﬁd to provide temperature stability during part of the shadow period. When all
" the PCM has frozen, the temperature of the equipment shelf decreases at a rate that
. -depends on the heat capacity of the PCM box and its parasitic heat leaks. The amount
of octadecane provided in the PCM box is designed to permit cooling of the PCM box to
approxiniately OOC. This allows the evaluation of the PCM melting point stability in
zero gravity.

Initial sizing of the absofﬁer panel, the PCM box, and the radiator was made

using a co::nphter code ATFETA, which established preliminary design data associated
“with the thermal response of elements in the ATFE. More detailed analysis was con-
ducted later in the program. For instance, a trade-off study between amount of PCM
and diode conductance was performed énd the effects of the different coatings on absorb-
er and rgdiator were evaluated., Also, detailed failure analyses were conducted in order
to assesé the impacts of failures of either the diode or the FCHP on obtaining meaning-

ful data from the flight experiment.



- With respect to the PCM box, a breadboard model of a representative section
was fabricated and tested. The results were correlated to within 5% of the analytical
predictions,

Three complete systems of the AT FE experiment were fgbricated and tested --
an Engineering Model, Qualificétion Model, and the Flight Model. In addition, a
nonfunctional structural model was delivered to the spacecraft contractor (Fairchild
Industries, Inc.) for integration testing with the Thermal Structural Model (TSM) of
the ATS spacecraft. The on-off temperature controller, the command circuitry, and
signal conditioning for thé ATTE telemetry were developed by ITE', Inc., under sub-
contract to Dynatherm. | |

The Engineering Model was delivered to NASA ARC in December 1971. Ambi-
ent functional tests', thermal vacuum tests, and qualification level vibration tests were
- performed at Ames., Results of the ambient test demonstrated the ability of the ther-
mal diode to transport the required 20 watts in the forward modé. The ability of the
FCHP to ‘transport 20 watts was also demonstrated.

Steady-state and 24-hour orbital cycle tests were conducted in the thermal vac-
uum. Solar simulation was accoxnplished by applying power to heaters attached to the
underside of fhe absorber and radiator panels. In general, individual components and
‘the complete éxperiment performed in accordance with experiment objectives. As a
result of these tésts, several design changes were made on the Qualification and Flight
Models. The changés dealt mostly with improving the insulatipn in order to reduce heat
leaks fro_rh the PCM shelf. These heat leaks and losses, during the transient shutdown
of the ‘diode, depleted the PCM shelf of }ts stored energy sooner than predicted. During

the Engineering Model tests, the reservoir heater power required to maintain control
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was approximately 4.5 watts as compared to the _2. 8 watts provided by thg countroller.
The iqcreased power requirement was due to conduction losses from thé reservoir
along the heat pipe tube to the radiator fins._ Consequently, thé design of the subse-
quent models was modified to include a low conductance section in this area and the
2. 8 watts proved adequate. i

After evaluation of the test reéults from the Engineering Model, a Critical De-

sign Review (CDR) was held at NASA GSFC. Two major modifications to the ATFE

design were recommended at the CDR:

e  The absorber length was increased by 1 inch and the radiator
length decreased. This modification increased the thermal in-
put to the experiment and ultimately the thermal throughput of

the feedback controlled heat pipe.

e The Electronics Module was relocated to the outside of the Ex-
periment so that it-is thermally coupled to the spacecraft. This
was done in order to isolate the module from the excessively low
temperatures experienced by the absorber and radiator duping

the shadow period.

Fabrication of the Qualification and the Flight units was started following the‘
CDR. Engineering evaluation tests were performed at Fairchild Industries with the
ATFE interfaced with the ATS-F Experiment Integration Unit (EIU). The EIU is used
to simulate fhe spacecraft's electrical interface.

The Qualification Unit was subjected to Qualification Level tests at NASA ARC

during August 1972. Thermal vacuum and vibration were two major areas of testing.



The ATFE gatisfied ﬁll acceptance criteria for all tests performed. The only one con-
tinuing problem encountered was the early depletion of the energy stored in the PCM.
Even with the insulation improved, the PCM provided thermal control for only five
hours of the freezing period as opposed to a predicted twelve hour period based on a
calculated 2-watt leak., The only corrective action considered was to provide addition-
al insulation in the Flight Unit.

Fabrication of the Flight Unit was completed in January 1973, During the ther-
mal vacuumn testing at ARC, the thermal diode of the Flight Unit did not co mplletelyr turn
off, thus creating an additional heat leak from the PCM shelf. This partial failure of
the diode could either be attributed to slightly different thermal coupling between diode
and PCM shelf or to an intrinsic problem in this particular diode, Since it was impos-
sible to distinguish-ﬁetween the two causes, the thermal coupling was improved and the
. ‘'diode was replaced by that from the Qualification Unit (which had functioned properly).
The Flight Unit was then retested at ARC and satisfied all acceptance criteria,

Pért ot the gualification and acceptance test program was testing for electro-
magﬁetic interference (EMI) susceptibility. The levels of the RF energy radiated by
the spacecraft were‘not available until shortly before the tests commenced. As a re-
sult, EMI shi‘eldings had to be installed empirically during the tests unl.;il the specified
interference levels were met.

Since the 'Qualification Unit sérved .as a back-up for the Flight Unit, il; also had
to be retrofitted with EMI shielding and the diode from the Flvigh;c Unit had to be installed
into the Qualification Unit. Because these modifications represented significant changes
‘in the system, this nj.odel wag also subjected to requalification tests at ARC. These

tests were conducted during October 1973. The Qualification Unit now exhibited the



same partial failure of the diode which indicated that the problem formerly encountered
| with tﬁe Flight Model had been intrinsic with the particular diode and had not been caused
by poor thermal coupling in the assembly. Since all other functional test objectives were
met with the Qualification Unit, it wés decided to use it in its present status as a flight
back-up. The philosophy behind this decision was that only a slim chance exists that
. it had to be used as a back—ub. If this need were to arise a new diode could conceivably
be installed in time. But even if the Qualification Unit had to be flown in its present con-
dition, significant flight data would be obtained.
The Qualification Unit is presently in NASA storage, and the Flight Unit has been

integrated with the‘ ATS-F spacecraft in preparation for the May 1974 launch.
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3. TECHNOLOGY DEVELOPMENT

A majof objective of this program was the development of the technology of
Feedback Controlled Variable Conductance Heat Pipes (FCHP) and Phase Change Ma-
terial (PCM) packages for storage of latent hleat. A large fraction of the analytical
and experimental effort was expended toward FCHP's, primarily because its technol-
ogy was completely uqexplored at the beginning of the program. Some background in-
formation on PCM packages had been available. Thus, the development effort in that
area was directed toward a breadboard model of the same basic design as was to be
employed in the ATFE I'light Experiment.

With regard to the FCHP, some of the results have already been published
(Ref. 3 and Ref. 4). An outline of the theory was also provided in the Heat Pipe De-

-.sign Handbook (Ref. 5). The following sections of this report present the theory of
FCHP's in-a self-consisteni: form including those aspects; which have already been
reported.

Thg stéady—state behavior of a FCHP is discussed in Section 3.1. It is follow-
ed by the derivation of analytical models for the transient characteristics in Section
3.2, Both an approximate closed form solution and a numerical computer model are
diécussed. The results of breadboard experiments supporting the analysis are given
in Section 3,3, Finally, the breadboard development of PCM packages is summarized

in Section 3, 4.

3.1 Steady-State Analysis of FCHP's
An electrically controlled FCHP is shown schematically in Figure 3.1. Lt is

basically a gas-controlled wicked-reservoir heat pipe that utilizes an electronic con-

-11 -
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troller and a reservoir heater to adjust its thermal conductance. An inerease in the
heat source temperature caused by an increase in heat load and/or sink temperature
results in an error signal to the confroller causing it to reduce the power to the res-
ervoir heater. The corresponding decrease in reserveir temperature and therefore
in the partial pressure of the working fluid in the reservoir allows more noncondens-
ible gas to enter the reservoir. This causes the gas-vapor interface to move toward
the reservoir, thus increasing the active condenser length and ultimately reducing the
source temperature. Unlike in a passive variable conductance heat pipe in which the
vapor pressure provides an internal reference for control, the FCHP senses the source
temperature and controls it directiy with an external reference (e.g., a thermostat).

A FCHP provides inherently better control of the source temperature than a
passive variable conductance heat pipe. The latter is limited to controlling the vapor
- 'temperature., If the thermal resistance between the heat source and the vapor is ap-
p_reciable, variations in heat load may yield intoleraﬁie fluctuations in temperature
of the soﬁrce even if tﬁe vapor temperature remained absolutely constant. The FCHP
actually permits a lowering of the vapor temperature with increasing heat load to com-
pensate for the highér temperature drop through the heat source resistance.

An anélytical model of an FCHP must account for changes in the heat load and

‘in the sink temperature. The theory pi‘esented in References 3, 4, and G properly de-
scribe the contrél performance under such conditions. However, for the purpose of
determining the reqﬁired reservoir volume, an ideal FCHP was always assumed., It
is one in which the maximum reservoir temperature equals the vapor temperature_
(all noncondensible gas is displaced from. thé reservoir in the '"low power-low sink"

condition) and in which the minimum reservoir temperature equals the prevailing

-13 -



sink temperature. Such an ideal FCHP does require the smallest reservoir for a given
set of conditions, but it is not necessarily the most practical one. The following, more
general model places fewer restrictions on the range of reservoir témperatures; The
ideal FCHP is included as a special case in the general analysis.

The analysis is based on satisfying conservation of mass of the noncondensible
gas and on a pressure balance between vapor and vapor-gas mixture (Ref. 5). Figure
3.2 shows schematiczﬂly the “high‘; and "low" operating conditions of a FCHP. Other
assumptions, such as the existence of a sharp vapor-gas interface, are also discussed
in the references.

’._[‘he Yhigh' op.erating condition corresponds to maximum heat load and highest
sink temperéture. Since this requires the highest conductance of the heat pipe, the
entire condenser will be active and all of the noncondensible will be compressed within

" the reservoir. The pressure balance yields for the mass of the noncondensible:

:U|H<!.

1 .
. Tr h [pV (TV,h) - pV (Tr,h)] (1)

~ The "low'" operating condition corresponds to minimum heat load and lowest sink
temperature. This requires the lowest conductance of the heat pipe; and, consequenily,
the maximum condenser blockage will occur. Pressure balance and conservation of

mass yields:

v
_c 1 _r
mg= R T [pv (Tv,l)'— pv (To,l)] * Rg Tr 1 [pv(Tv,l)'" pv (Tr,l):l (2)

By combining these two equations, the following general expression for the required res-

ervoir size is obtained:

-14 -
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-

_c 0,1
Vr P (Tv,l) - pv (To,l) T

v r,h

T { P, (T, p) =Py (Ton) . Py Ty ) By T. )

Up to this point, no restrictions have been placed on the reservoir temperature, except

that it may not exceed the vapor temperature since reverse heat pipe action would then

occur. Note also that the subscripts "1" and "h' for the reservoir temperature do not

indicate its lowest or highest value, respectively. On the contrary, at the '"low' operat-

ing condition, the reservoir will be at its highest temperature and visa versa.

Equation 3 gives the ratio between the maximum blocked condenser volume and

the reservoir volume. For design purposes, the total required condenser volume must

also be known, At the high condition we have:

-T

Qh” Vc,t(Tv,h o,h)

And at the low condition:

Q ~ (Vc,t ISR To,ll)

From (4) and (5) the tofal required condenser volume is obtained:

VG -1 - Q1 Tv,h o,h
Vc,t Qh Tv,l -To,l

Finally, in order to close the analytical model, the vapor temperatures are related to

the heat source temperatures as follows:

Ten ™ Tont B @

Ts,l - Tv,l * Rs Q1
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Equations 3, 6, 7, and 8 completely describe the control performance of a FCHP under
varying load and sink conditions. |

The ideal FCHP, as described in the refex_*ences, is one in which at the low conA— v
dition the noncondensible is completely displaced ffom the reservoir. This requires
that:

T, =Ty, _ | : )

i.e., that the reservoir femperature equals the vapor temperature at the low condition.
At the high condition, the reservoir temperature of the ideal FCHP will be equal to the

prevailing sink temperature:

Tr,h = rI‘o,hu . . ‘ (10) .

Equation 10 defines the lowest temperature which the reservoir can practically assume.
Ideally, all noncondensible will be contained within th_e reservoir under this condition
and the entire condenser will be active.

After substituting Equatibns 9 and 10 into 3, the following expression for the re-

quired reservoir size of an ideal FCHP is obtained:

Vc Py (Tv,h) - Py (To,h) To,l
v - (11)
Vr

pv (Tv,l) - pv (To,l) To,h

The last expression is identical fo the one given in Reference 3 for the reservoir require-
ments of an ideal FCHP.

The requirements for an ideal FCHP --i.e., the conditions imposed on the reser-

voir temperature by Equations 9 and 10 -- are often not very realistic for a practical sys-

tem. The first requirement, namely, that the reservoir temperature equals the vapor

-17 -



temperature at the low condition, has several drawbacks. TIirstly, it may require an
excessive amount of auxiliary power to the reservoir. Secondly, with thé reservoil;
completely deveid of noncondensible and being wicked at the same time, it will act as |
a secondary heat pipe. Thus, in a practical heat pipe, the reservoir temperature at
the low condition (when it reaches its maximum value) may be less than the vapor
temperature,

At the high condition, where the reservoir temperature ideally should be equal to
the sink. temperature, different restrictions exist. In some applications, it may n;)t be.
possible for the reservoir to ever attain fhat minimum temperatufe. The ATFE flight
experiment is a good example of this case. Heat leaks froﬁx the absorber to the reser-
voir limited the lowest attainable reservoir temperature to a value much above the sink
temperature. Even more important, during transients from the low to the high conditibn,
the rtime required for the reservoir to reach its lowest temperature may be unacceptable.
As a result, large overshoots of the source temperature may occur.

Because of the above éonsiderations, an off-ideal design of an FCHP may frequent-
ly be more desirable. Such a design will, of course, require a larger-than-optimum res-
ervoir volume. The general Expression 3 describes the reservoir requirements for any
specified range of reservoir temperatures. Two special 'caées of an off—opﬁmlim design
are of interest to the designer. In the first one, the available auxiliary power for the
reservoir is limited and the reservoir ié not heated all the way up to the vapor temper-
ature at the low condition, But at the high condition it can achieve the sink temperature.

For this case we have:

(12)
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T , =T | ' N (13)

Substituting these conditions into Equation 3 yields the following expression for the re-

quired reservoir size:

<

To,h ‘Tr,l

A Tyl { Py (T, =R, @) (T, ) - pvﬂr,l)} 4
Vr l:'v (Tv, 1) - pv (To,l)

In this special case, the reservoir temperature is raised by the auxiliary heater to a
value which is less than the vapor temperature but obviously higher than the sink tem-

temperature ——i.e,, T_ .»T ~-bhecause otherwise it would become a passive VCHP,

r,17 " o,l

In the other case of an off-optimum design, auxiliary power reguirements are
not the limiting consideration. Instead, fasi response duringl a transient change from
one operating condition to another may be imf)ortant. Hence, the lowest reservoir
temperature should be higher than the sink temﬁerature; but the highest reservoir
temperature can be equal to the vapor temperature. In this case, the limiting res-

ervoir temperatures are given by:

Tr,l B Tv,l

(15)
Tr, h” To,h

The required reservoir size then becomes:

_Y_c_ _ Py (Tv,h) - Py (Tr,h} ) To,h , B (16) :
Ve Py (Tv, P Py (To,l) Tr,h * '

To illustrate the above des ign equations, the reservoir requirements for a typical case

are plotted in Figures 3.3 and 3.4. The example applies approximately to the spec ifica-
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tiong for the ATFE flight experiment. Typical variations of the sink temperature in the
ATFE are between -80°C and -5°C. The working fluid is methanol and the nominal vapor
temperature was selected to be Zéoc. In these figures, the required reservoir volume
(normalized with respect to the maximum blocked éondenser volume) is plotted against
ATV, the variation of the vapor temperature. Note that ATV and the nominal .-vapor

temperature Tv n 2re related through:

ATV .
Tv,h 'Tv,n 2 (L7)
AT :
T =T - —2 (18)
v “v,n 2 -

Figure 3.3 depicts the case where auxiliary power is at a premium; i.e., where
the maximum reservoir temperature at the low conditioﬁ is less than the vapor tempera-
ture. Also shown is the limiting case which corresponds to the ideal FCHP.

Figure 3. 4 represents the oi;her case., Here the lowest reéervoir temﬁ)erature,
at the high condition, is shown as a parameter. Again, the limiting case is that of the
ideal FCHP which is, of course, identical to the one in Figure 3. 3.

Figure 3.5 shows the ratio of blocked-to-total condenser volume for the same
operating conditions, The fact that the blocked condenser volume is usually less than
the to-tal required condenser volume has been mostly neglected in the literature, | But
a proper design must account for it, and the important design parameter for selecting

the storage volume should be Vr/ Vc rather than Vr/Vc. As shown in Figure 3.5,
- ]

i

the ratio of Vc/ Vc ¢ is always identical to unity if the heat load varies from zero to
]

a maximum value. The ratio of Vc/ Vc is smallest if the heat load is constant and
»

t

only the sink conditions vary.
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The preceding paragraphs dealt with the design selection of the storage reservoir.
Such selection will always be made on the basis of expected extréme values of sink and
heat load variations. Once the system has been designed, the steady-state performance
at other than the extreme conditions is of interest. In principle, this information can bé
obtained from the design equations for the reservoir (3, 11, 14, and 16). But these equa-
tions do not contain the most important parameter desecribing the control performance;
namely, A TV explicitl_y. Sometimes it .is also desirable to assess quickly what benefits
or penalties, in terms of control performance; are obtained by changing the reservoir
size,

The described information can easily be obtained by rearranging the design equa-
tions and solving them for L\.Tv, the control performance of the FCHP, Since the vapor
temperature appears in these equations through the vapor pressure of the working fluid,
an approximat.ion must be used te solve the equations for ATV.

For small variations of the vapor £emperature, the vapof pressures at the high

and low condition may be expressed as follows:

_ ATV dpv

pv (Tv,h) = pv (Tv, n) * 2 dT v,n) : (19)
ATV dpv

pv (Tv,l) = pv (Tv, n) T2 dar (Tv, n) (20)

The above linear approximations can be substituted in-to Equations 3, 11, 14, and 16; and
an explicit solution for ATV obtained for each case. Although the algebra associated with
the substitutions is straight forward, the effort is rather tedious and the resulting su@mary
equations are fairly lengthy. A listing of these equations is therefore reserved for the Ap-

pendix.
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Without reproducing the performance equation here, it is noteworthy to mention
that in all cases the COnt_rol performance A Tv is inversely proportional to the slope of

the vapor pressure curve. That is, the equations all are of the type:

1
dp

v
In Ir

[ Tv ~ (21)
The conclusion then is that the best control performance (smallest aTv) is achieved
with working fluids which have a steep vapor pressure curve at the operating tempera-
ture. This fact was recognized earlier for the case of passive self-controlled VCHP's
and reported in Reference 6.

Typical results of a performance analysis are given in Figures 3.6 and 3. 7.
Again the same sink variations and nominal vapor temperature as apply to the ATFE
have been used. Basically, the last two figures are mirror images of Figures 3.3 and
3.4, with ATV plotted as a function of reservoir size. Figure 3. 6 corresponds to the
case where the maximum reservoir temperature at low conditions assumes different
values than in an ideal FCHP. The group of curves in Figure 3. 6 is bracketed by two
extreme cases. The ldwest curve (lowest A-Tv) corresponds to the ideal FCHP, The
highest curve (largest ‘ATv) represents the control performance of a passive VCHP,
Note also that,with feedback control, AT , may assume negative values, This means
that the vapor temperature at the low condition can be higher than at the high condition.
It is precisely this feature which gives FCHP's their excellent control performance.
As pointed out in References 2, 3, and 6, the FCHP controls the source rather*than
the sink femperature. If the heat load varies and the impedance between source and
heat pipe is finite, a negative change of the vapor temperature is necessary in order

to attain near absolute control.
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The difference in control capability between an ideal FCHP and an equivalent
passive VCHP is shown in Figure 3.8. The variation of the sink temperature is plotted
as a function of highest sink temperature for two cases —-an infinite storage reservoir
(Vc/Vr = 0) and a typical practical reservoir size (Vc/vr = {.1). For the limiting case
of an infinite storage reservoir, the FCHP always has a negative ATV up to the point
where the highest sink temperature approaches the vapor temperature. The passive
system, on the other hand, always displays a positive ATV.

The preceding analysis is concerned mostly with control of the vapor {empera-
ture. Ultimately, of course, the source temperature must be controlled. Vapor and
source temperature are related through Expressions 7 and 8. By employing these
equations together with the ones for the vapor temperature, the required analysis can

readily be performed.

3.2 Closed Form Transient Analysis of FCHP's

The transient response characteristics of an ideal active feedback controlled
heat pipe system have been determined for a step change from a low power/low sink
condition to a high power/high sink conditioﬁ or vice versa. This step change repre-
sents the worst case in terms of the system's response in that control of the heat
source requires that the temperature of the storage reservoir must go from approxi-
mately the source temperature to a temperature approaching the high sink condition
or vice versa. In other words, in controlling the heat source when the system is sub-
jected to either of the above step changes, the maximum variation of the storage tem-
perature must be realized. Since the heat source can respond no more rapidly than

the storage volume, the above step change represents the worst case.

- 28 -



12

T

0,1

=193 K = constant

Passive VCHP

T = 301 K
v,n

AT, ()

\\_vb/vr=0.1—4/’

Ideal FCHP \

250

270 290
(K)

0, max

FIGURE 3.8

310

PERFORMANCE COMPARISON OF FCHP AND PASSIVE VCHP
(JZ'.TV AS A FUNCTION OF SINK TEMPERATURE AT HIGH CONDITION)

- 29 -



The equations governing the transient behavior of a feedback confrolled variable

conductance heat pipe system are highly nonlinear. In order to get a better general

understanding of the response characteristics of feedback controlled systems than that

afforded by solving a system of nonlinear equations, the following simplifying assump-

tions have been made in performing the analysis:

The mode of heat dissipation is convection. This eliminates the fourth
order terms associated with radiation and permits the response of the

storage temperature to be determined explicitly.

The reﬁ:overy of the vapor temperature occurs at the same rate as that
of the storage temperature; i.e., for the case of going from the low pow-

er/low sink to the high power/high sink condition:

T =T T -T

v vh  r r,h

Tv,i' Ty,h Tr,l - Tr,h

(22)

This implies that the vapor temperature responds instantaneously to

changes in the storage temperature and is valid provided that the {ime

" constant (7= mcp R) of the condensér section is small relative to that

of the storage volume (7 c/_ T 1) This will be the case generally
sihce the thérmai resistance (Rr) between the res.ervoir and the sink
will be guite largé relative to the thermal resistance (Rc') between the
vapc.)r aﬁd thé sink in order to minimize the auxiliary power require-
ments, This assumption eliminates the nonlinearities associated with

the variable conductance,

An ideal (i.e., zero deadband) on/off controller is used.
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Subject to the abofre assumptions, the transient response of an active fe;edback
controlled héat pipe is determined from the following equations for the ca.se of a steb
change from the low péwer/low sink condition- to the high power/high sink condition.
At the storage volume: |

dT

_ _r B
Q = @mey + (@A) (T -T

2 X (23)

o,h)\k

With an ideal on/off contrqller, the auxiliary power will immediately go to zero (‘Qr,h =0)
when the step change is effected. The conductance (h A) of the storage volume is deter;
mined from the low power/low sink condition. At this steady-state condition, ideally,

the storage temperature should equal the vapor temperatur‘e in the heat pipe correspond~

ing to the low power; i.e.,

Tr1=Tv1 o @4

And the auxiliary power must be such that:
Qr,l = (b A) (Tr,l - To,l) (25)
Hence, the insulation requirements for the storage volume are determined from:

Q ‘ - : ‘
B r,l .
@8 Te1" %o o 0

Solving the above equations and applying the second assumption gives the recovery of the

storage temperature and the vapor temperature of the heat pipe as:

Tr-To,h _Tv-Tv,h =e-t/ffr
1" To1 Ty,i Tun '

(27)
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where:

L e, @y T )
r- Q

r,l

(28)

Asg indicated by Equation 27, the storage temperature and therefore the vapor
temperature are single values and vary exponentially with time. In an actual case of
going from‘ a low power/low sink to a high power/high sink condition, the vapor tem-
perature would first increase to some maximum value consistent with conservation of
energy and mass of the noncondensible. It would then begin to decrease fo its steady-
state value.as the Storagé temperature responds to the auxiliary heat input. Equation
27 does‘not account for the fact tﬁat the vapor temperature will rise/decrease to a
maximum/ m‘inimum af sofne time after a change in load and/or sink condition. How-
ever, a conservation solution is obtained if, instead of using the steady-state value of

- vapor temperature corresiaonding to the original lqad and/or sink condition as the ini-

tial condition (e.g., Tv = Tv 1), a value is used which is based on adjustment of the
. ?

i
L)
interface to the new load and/or sink conditions without any recovery due to a change

in the temberature of the storage volume,

At the heat source:

(29)

Substitution of Equation 27 into 29 and integrating gives the response of the source tem-
perature as:

. -T
Y Ts " 7su